Introduction {#Sec1}
============

The synthesis and quantitation of enantiomerically and/or diasteromerically pure compounds is important for a wide range of applications. Chirally pure compounds are not only required in pharmacology, but they are also of interest in the cosmetic and food industries, among numerous other applications. The differentiation of diastereoisomers due to their different physicochemical properties can be achieved in several ways. In many cases, chromatographic methods allow the separation of diastereomeric species, and each of them can be further characterized using appropriate physicochemical or spectral methods. Mixtures of diastereoisomers can be analyzed without the need for separation with some spectral methods (e.g., nuclear magnetic resonance \[NMR\]). Mass spectrometry alone can be used to characterize separated, pure diastereoisomers or as a hyphenated technique with gas chromatography or high-pressure liquid chromatography for the analyses of mixtures of diastereoisomers. For many years, mass spectrometry has played an important role in the differentiation of diastereoisomers irrespective of the ionization technique used \[[@CR1], [@CR2]\]. Paradoxically, "hard" ionization techniques (electron ionization \[EI\], liquid secondary ion mass spectrometry \[LSIMS\], or fast atom bombardment \[FAB\]) can provide more informative spectra of diastereoisomers, even when simple mass spectrometers (single focusing) are used, compared with "soft" ionization techniques (chemical ionization \[CI\], electrospray \[ESI\] or matrix-assisted laser desorption/ionization \[MALDI\]), which require instruments with a collision cell to fragment the stable protonated or cationized molecules produced during the ionization process. Mass spectrometry coupled with the quantum chemistry methods (QM) constitutes a promising and valuable scientific tool for interpretation of the experimental spectra. The use of both approaches is beneficial for understanding the mechanisms of MS-type fragmentations and for assigning the correct structures to *m/z* peaks.

Aminoalkylphosphonates and hydroxyalkylphosphonates, which are analogues of amino acids and hydroxyacids, respectively, have attracted the attention of bioorganic chemists because of their antiviral and antibiotic properties and their inhibitive activity towards several enzymes \[[@CR3]--[@CR7]\]. Difunctionalized alkylphosphonates (e.g., 1,2-diaminoalkylphosphonates and 1-hydroxy-2-aminoalkylphosphonates) also possess biological activity, and methods for their synthesis have been published \[[@CR8]\]. Because of the presence of two stereogenic carbon atoms, these compounds form a diastereoisomeric mixture that can be separated into the individual stereoisomers. Recently, we found that the diastereoisomers of diethyl 5-substituted (*N*-1-*t*-butoxycarbonyl-2-thioxoimidazolidine-4-yl)phosphonates can be easily differentiated using electron ionization mass spectrometry \[[@CR9]\].

In the present paper, we report density functional theory calculations for the fragmentation processes responsible for the differentiation of the diastereoisomers of diethyl 5-phenyl-2-thioxoimidazolidine-4-yl)phosphonates (Scheme [1](#Sch1){ref-type="fig"}).Scheme 1Molecular structures of Compounds **1--8**

Experimental {#Sec2}
============

Synthesis of the Compounds {#Sec3}
--------------------------

Compounds **1**--**8** were obtained from diethyl *N*-Boc 5-substituted (2-thioxo-imidazolidin-4-yl)phosphonates by deprotecting the Boc group using 50 % trifluoroacetic acid (TFA) in dichloromethane (DCM) according to the published procedure \[[@CR10]\]. The homogeneity of the samples after deprotection was verified by TLC analysis.

The procedure for the synthesis of *N*-Boc 5-substituted (2-thioxo-imidazolidin-4-yl)phosphonates has been described in the literature \[[@CR11]\]. The isotopically labeled *N*-Boc 5-substituted (2-thioxo-imidazolidin-4-yl)phosphonates were obtained as described \[[@CR9]\] using benzaldehyde--α-d~1~ 98 % D (Sigma-Aldrich Chemie, Steinheim, Germany) and benzaldehyde-2,3,4,5,6-d~5~ 99.7 % D (Dr. Ehrenstorfer, Augsburg, Germany), respectively, as substrates. In the case of *N*-Boc (4-deuterio-5-phenyl-2-thioxoimidazolidin-4-yl)phosphonates **7_a** and **8_a**, paraformaldehyde-d~2~ 98 % D (Sigma-Aldrich) was used as the starting material in the first step of the synthesis. A detailed description of the procedure for the synthesis of Compounds **7_a** and **8_a** is included in the [Supporting Information](#SecESM1){ref-type="sec"}.

The diastereoisomeric mixtures of Compounds **7_a** and **8_a** were resolved into individual *cis*- and *trans*-diastereoisomers using preparative TLC (Analtech UV254 plates, Bruchsal, Germany). The homogeneity of the samples was subsequently confirmed using TLC analysis and ^31^P and ^1^H NMR spectroscopy (see [Supporting Information](#SecESM1){ref-type="sec"}).

Mass Spectrometry {#Sec4}
-----------------

All mass spectra were recorded on a Finnigan MAT 95 double focusing (BE geometry) mass spectrometer (Finnigan MAT, Bremen, Germany). Standard low-resolution EI mass spectra were obtained using electron energy of 70 eV, accelerating voltage of 4.6 kV, and ion source temperature of 250 °C. Samples were introduced via a direct insertion probe heated from 30 to 300 °C. Accurate mass measurements were performed by a peak matching technique using perfluorokerosene as an internal standard at a resolving power of 10,000 (10 % valley definition). The product ion, precursor ion, and neutral-loss spectra in the first field-free region (between the ion source and the magnetic sector) were recorded using the appropriate linked scan function: *B/E* = constant, *B*^*2*^*/E* = constant and *B*^*2*^*/E*^*2*^*(E*~*0*~*-E)* = constant, respectively. For collision-induced dissociation (CID) experiments, argon was used as a collision gas at a pressure appropriate to reduce the intensity of the precursor or product ions by half.

Computational Methods {#Sec5}
---------------------

Computations were performed using the Gaussian 03 software package \[[@CR12]\]. The hybrid functional form B3LYP, which consists of Becke's three-parameter exchange functional \[[@CR13]\], and Lee et al.'s correlation functional \[[@CR14]\], combined with the 6-31G\* basis set \[[@CR15]\], proved to be one of the most accurate and successful methods for reproducing the molecular structures and properties. Moreover, this method requires significantly less computing time than other methods that show similar accuracy. Because our studies involve radical species, all of the structures were optimized using the unrestricted B3LYP/6-31G\* level of approximation. Harmonic frequency analysis was performed at the same level to characterize and confirm all stationary points to be either local energy minima (represented by no imaginary frequencies) for substrates, products and intermediates, or first-order saddle points (represented by one imaginary frequency) for transition states. Transition states were verified by the IRC calculations to connect the proper, respective minimum structures along the decomposition pathways. Thermal corrections to the enthalpy and entropy were included for the temperature 298.15 K. Because the chemical transformations under study involve radical ions, we used the more advanced triple-zeta basis set, denoted as 6-311+G(2d,p), augmented with the diffusion functions and with additional polarization functions to obtain more reliable energies \[[@CR16]\]. All calculations were performed with no symmetry restrictions for the gas-phase conditions.

We tested the reliability of our method against the more advanced and time-consuming method M06-2x/6-311+G(2d,p) \[[@CR17]\] and recalculated the final single point energies at the M06-2X/6-311+G(2d,p)//B3LYP/6-31G(d) level. Based on the obtained results, we concluded that the energetics of the reactions are not significantly affected when the functional is changed from B3LYP to M06-2x. The energy barriers calculated using the M06-2X method are systematically greater (by 4--5 kcal/mol) than those calculated using B3LYP. The results are presented in the Supporting Information (Table S[1](#MOESM1){ref-type="media"}). The order of feasibility of the various fragmentation pathways remained unchanged, and the conclusions of the work based on the B3LYP calculations are valid. Because the M06-2X method is more computationally expensive, we did not perform optimizations at this level of theory. Natural bond orbital analysis (NBO) was performed to calculate atomic charges and spin densities \[[@CR18]\]. The optimized structures and atomic charges were visualized using the GaussView 4.1 software package \[[@CR19]\].

Results and Discussion {#Sec6}
======================

The electron ionization mass spectra of Compounds **1**--**8** are summarized in Table [1](#Tab1){ref-type="table"}. All the investigated compounds are characterized by a molecular ion and a few prominent fragment ions. The relative abundance of the molecular ion is significantly higher for the *cis* isomer in each analyzed pair of diastereoisomers and varies from 75 % to 100 %. For the *trans* isomers, the relative abundance ranges from 10 % to 36 %. In addition, the molecular ion abundances in the total ion current (% of TIC) differ significantly for all the *cis-* and *trans* pairs of diastereoisomers, being 6.4 %--8.4 % for the *cis-* and 1.9 %--3.8 % for the *trans* isomers, respectively. These results indicate the difference in the stability of the molecular ion, which is lower for the *cis* isomer in each analyzed pair. Thus, the fragmentation of *cis* isomers leads to more ions of lower absolute abundance, whereas the *trans* isomers give rise to a few ions of higher abundance.Table 1Relative Abundances (%) of the Selected Ions in EI Mass Spectra of Compounds **1--8**Compound no.*m/z* (Relative abundance, %)M^+.^\[M-R\]^+^\[M-109\]^+^\[M-110\]^+.^\[M-137\]^+^\[M-138\]^+.^*m/z* = 171\[M-170\]^+.^\[M-196\]^+.^*cis*-1314 (75.1)237 (11.6)205 (20.8)204 (8.2)177 (100)176 (33.7)171 (42.7)144 (45.1)118 (68.5)*trans*-2314 (10.6)237 (1.1)205 (24.8)204 (10.6)177 (44.6)176 (100)171 (7.2)144 (9.7)118 (34.4)*cis*-3315 (100)238 (15.0)206 (16.6)205 (3.0)^a^/178 (75.3)177 (13.0)^a^/171 (48.1)145 (49.4)119 (58.7)204 (5.9)^b^176 (15.6)^b^*trans*-4315 (36.0)238 (3.9)206 (39.7)205 (7.0)^a^/178 (61.4)177 (67.1)^a^/171 (12.3)145 (17.8)119 (44.0)204 (12.5)^b^176 (100)^b^*cis*-5319 (100)237 (14.9)210 (35.7)209 (13.0)182 (79.9)181 (32.5)171 (45.4)149 (39.9)123 (52.4)*trans*-6319 (14.9)237 (1.5)210 (21.9)209 (10.2)182 (45.8)181 (100)171 (4.5)149 (9.8)123 (27.9)*cis*-7 (89.49 %)^c^315 (76.6)238 (9.8)206 (10.7)205 (5.4)178 (100)177 (47.5)171 (37.5)145 (39.3)119 (54.9)*trans*-8 (82.48 %)^c^315 (12.6)238 (0.9)206 (10.6)205 (6.1)178 (41.4)177 (100)171 (3.9)145 (7.3)119 (28.8)^a^ Diethyl phosphite with hydrogen derived from other position then C5.^b^ Diethyl phosphite with hydrogen derived from position C5.^c^ Content of deuterium in position C4.

The conformer analyses of molecular ions of *cis*-**1** and *trans*-**2** were performed (Figures S[3](#MOESM1){ref-type="media"} and S[4](#MOESM1){ref-type="media"} and Table S[2](#MOESM1){ref-type="media"}, Supporting Information). Because of the size and flexibility of the molecules, numerous different conformers were distinguished; however, only one (described below) was found to be the global minimum on the free energy surface (Figure [1](#Fig1){ref-type="fig"}). In these structures, specific intramolecular interactions, such as hydrogen bonds formed by all oxygen atoms of the phosphonate moiety, are present. H-bonds of type P = O---H-N and C5~ring~-H~d~---O~Et~-P can be localized in both diastereoisomers (2.643 Å and 2.792 Å for *cis*-**1** and 2.479 Å and 2.466 Å for *trans*-**2**). The third short-distance interaction is C5~ring~-H~c~---O~Et~-P (2.613 Å in length) for *trans*-**2** and C~Ph~-H---O~Et~-P (2.484 Å) in the case of isomer *cis*-**1**.Figure 1The most stable conformers of molecular ions of **(a)** the *cis-***1** (**SUB\_*cis\_*1**) and **(b)** the *trans****-*2** (**SUB*\_trans\_*2**) isomers

A comparison of the Gibbs free energy for both diastereoisomers indicates that the *trans* form is more stable due to additional intramolecular interactions and less steric hindrance of the bulky groups: Ph and (EtO)~2~P = O are placed on the opposite side of the imidazolidine ring. The difference is equal to 5.9 kcal/mol. These data are consistent with the experimental observation that fragmentation of the *cis* isomers gives rise to a greater number of fragmentation ions than fragmentation of the *trans* isomers.

Based on the Mulliken and the Natural Population analyses, we determined the electron spin density of both structures of interest and defined the location of the singly occupied molecular orbital (SOMO). According to these calculations, the SOMO orbital is mostly concentrated on the sulfur thiono-atom (Table S[3](#MOESM1){ref-type="media"}, Supporting Information). The neutral molecules of both diastereoisomers (uncharged, singlet state) undergo numerous significant structural changes after losing an electron, and these structural changes occur primarily in the region of unpaired electron localization. The deeper consideration of the change of structural parameters of **SUB\_*cis\_*1** and **SUB\_*trans\_*2** confirms that the main changes emerge in the thiono part N3-C2(=S6)-N1 (Table S[4](#MOESM1){ref-type="media"}, Supporting Information).

Our previous studies have shown that the *cis*- and *trans*-diastereoisomers of *N*-Boc diethyl 5-substituted (2-thioxoimidazolidin-4-yl) can be easily differentiated based on their EI mass spectra \[[@CR9]\]. The most important differences were observed for ions formed by loss or elimination of the diethoxyphosphoryl group. Here, we show that the 5-phenylo-(2-thioxo-imidazolidin-4-yl)phosphonates *cis*-**1** and *trans*-**2** and their specific deuterium labeled analogues **3**-**8** can also be distinguished based on two competitive fragmentation processes:loss of the diethoxyphosphoryl radical via cleavage of the P--C4 bond, which leads to the formation of the \[M -- 137\]^+^ ion, andelimination of diethyl phosphite (DEPI), which leads to the formation of the \[M -- 138\]^+.^ ion.

The relative abundances of the \[M -- 137\]^+^ and the \[M -- 138\]^+.^ ions differ significantly for all pairs of *cis-* and *trans-*diastereoisomers (Table [1](#Tab1){ref-type="table"}). Cleavage of the P--C4 bond and loss of the diethoxyphosphoryl radical are preferred for the *cis* isomer. The relative intensity of the M -- 137 peak, which corresponds to those processes, varies from 75 % to 100 % for the *cis* isomers, whereas it changes from 45 % to 64 % for the *trans* isomers. The elimination of diethyl phosphite is preferred for the *trans* isomers, and the M -- 138 peak is the base peak in the mass spectra of all *trans* isomers.

The percentages of both processes in the fragmentation of the molecular ions for Compounds **1**--**6** are shown in Table [2](#Tab2){ref-type="table"}.Table 2The Processes of Fragmentation with Diethoxyphosphoryl Group for Compounds **1**--**6** Contributed in Percent (%)Compound NoElimination of diethyl phosphonate (%)Dissociation of P--C bond and loss of radical (%)*cis*-**1**26.074.0*trans*-**2**75.324.7*cis*-**3**26.8 (15.7^a^; 11.1^b^)73.2*trans*-**4**75.8 (48.8^a^; 27.0^b^)24.2*cis*-**5**29.970.1*trans*-**6**74.625.4^**a**^ Diethyl phosphite with hydrogen derived from position C5.^**b**^ Diethyl phosphite with hydrogen derived from other position than C5.

Loss of the Diethoxyphosphoryl Radical Leading to Formation of the \[M -- 137\]^+^ Ion {#Sec7}
--------------------------------------------------------------------------------------

The obtained EI data indicate that the total relative abundance for loss of the diethoxyphosphoryl radical for *cis* isomers was approximately 75 % in each pair of diastereoisomers. In the case of *trans* isomers, this fragmentation process occurred at approximately 25 % relative abundance.

The loss of the substituent considered here occurs via one-step bond-breaking that leads directly to the separated products. For *cis*-**1**, the most favorable process is the loss of the diethoxyphosphoryl radical, which is caused by the effective stabilization of the positive charge in the thioimidazolidine ring and, moreover, by the suitable localization of the SOMO in (EtO)~2~PO on the phosphorus atom. The abstraction of diethoxyphosphoryl radical with the lowest free energy activation, which is 20.8 kcal/mol, proceeds (**TS_L\_PO_1**) and leads to the most stable products (**PROD_L\_PO_1**) of the relative free energy being 17.1 kcal/mol. Other competitive reactions are more endothermic. The removal of the phenyl radical requires substantially more energy and occurs only above 42 kcal/mol (**TS_L\_Ph_1**) (Scheme [2](#Sch2){ref-type="fig"} and Figure [2a](#Fig2){ref-type="fig"}). The products that arise are also less favored than those in the case of the loss of the (EtO)~2~PO radical. Separation of the **H**~**c**~ and **H**~**d**~ hydrogen atoms differs significantly. The **H**~**c**~ bound to C5 dissociates more easily than does **H**~**d**~ because of the essential stabilization effect of the positive charge on C5 due to the directly bound phenyl ring (via resonance because both phenyl and thioimidazolidine rings are planar and are located in the same plane). The opposite influence of the (EtO)~2~PO group on the positive charge on C4 can be observed, and the **H**~**d**~ abstraction is therefore the least likely. The SOMO in the substrate is mainly located on the sulfur atom. NBO population analysis of the evolution of spin densities in the transition state structures reveals that, in all pathways, the essential part of the spin density is transferred from the sulfur atom to the bond-breaking area (Table S[5](#MOESM1){ref-type="media"}, Supporting Information).Scheme 2Loss of the substituents from positions **(a)** C4 and **(b)** C5 induced by radical sites located on N1 and N3, respectivelyFigure 2Calculated potential free energy profile for the loss of the substituents from positions C4 and C5 for **(a)***cis*-**1** and **(b)***trans*-**2** (outlined in Scheme [2](#Sch2){ref-type="fig"})

A similar analysis performed for the *trans*-**2** isomer leads to the same conclusions. The loss of the diethoxyphosphoryl group from the thioimidazolidine ring is the least energy demanding process. The dependence order of the leaving groups is (EtO)~2~PO \> \> Ph ≈ H~c~ \> H~d~ (Scheme [2](#Sch2){ref-type="fig"}b). The most significant observation is that, because of its lower stability, the *cis-***1** isomer is more likely to undergo fragmentation than is the *trans*-**2** isomer. The reactions of *cis-***1** are characterized by a lower free energy of activation of approximately 6 kcal/mol and by a lower energy of the fragmentation. Notably, the products with an imidazolidine ring, after removal of one substituent, lose one stereogenic center; thus, the resulting compounds from *cis-***1** and *trans-***2** are enantiomers (from a thermodynamic point of view, they are the same). The obtained results are qualitatively in good agreement with the experimental data when the substituent abstraction from the C4 and C5 positions is considered.

Elimination of Diethyl Phosphite (DEPI) Leading to Formation of the \[M -- 138\]^+.^ Ion {#Sec8}
----------------------------------------------------------------------------------------

The diethyl phosphite elimination process requires the migration of a hydrogen atom to the diethoxyphosphoryl group. To determine the source of the hydrogen atom that takes part in the elimination of phosphite, we performed detailed studies of selected deuterium labeled analogues of 5-phenyl-(2-thioxo-imidazolidin-4-yl)phosphonate (Scheme [1](#Sch1){ref-type="fig"}).

According to the data obtained previously for the corresponding pairs of diastereoisomers with a *tert*-butoxycarbonyl group on the N1 nitrogen atom \[[@CR9]\], the hydrogen atoms on the atoms adjacent to carbon C4 (i.e., those on nitrogen N3 or carbon C5) were considered to be the most probable source of the hydrogen atom involved in the elimination of phosphite.

The migration of the hydrogen atom from one of these positions proceeds via a five-membered transition state (Scheme [3](#Sch3){ref-type="fig"}a and c). For *trans* isomers in which a diethoxyphosphoryl group and a hydrogen atom are positioned on the same side of the plane defined by the imidazolidine ring, the migration of the hydrogen occurs more easily than for *cis* isomers, which can explain the preference for the elimination of diethyl phosphite in the *trans* isomers.Scheme 3Possible elimination mechanisms of diethyl phosphite with hydrogen atoms from different positions

To examine whether the hydrogen atom from the N3 position can be eliminated, it was exchanged with deuterium in the Compounds *cis*-**1** and *trans*-**2**. For both diastereoisomers, we did not succeed in obtaining the fully deuterium-enriched compounds, and the obtained results are therefore ambiguous. For the *cis* isomer, for which the elimination of DEPI is approximately 25 % total relative abundance, the evaluation of whether the hydrogen atom from the N3 nitrogen is present in the diethyl phosphite molecule is difficult. For the *trans* isomer, elimination of deuterium from this position occurs at approximately 30 % relative abundance.

To verify the hypothesis that the DEPI elimination involves a hydrogen atom from the C5 position, the *cis*-**3** and *trans*-**4** diastereomeric pair with deuterium incorporated into this position were studied. The spectra of these *cis-* and *trans-*diastereoisomers indicate that hydrogen from position C5 participated in the elimination process that led to formation of the DEPI. The percentage of elimination of the diethyl phosphite molecule that contains the deuterium from the C5 position was calculated, and the results are shown in Table [2](#Tab2){ref-type="table"}. For the *cis*-**3** isomer, elimination of deuterium from the C5 position occurs at 15.7 % relative abundance, and elimination from the other position occurs at 11.0 % relative abundance. For the *trans*-**4** isomer, elimination of DEPI occurs at 75.8 % relative abundance and consists of the elimination of deuterium from C5 (64.4 %) and hydrogen from other positions (34.6 %), most likely from N3.

In addition, another source of hydrogen atom present in the diethyl phosphite molecule was examined. From the mass spectra of *cis*-**5** and *trans*-**6** pair of diastereoisomers that contain d~5~-labeled phenyl groups, deuterium atoms from the phenyl ring apparently did not participate in the DEP elimination. Similar results were obtained for diastereoisomers *cis*-**7** and *trans*-**8** labeled with deuterium in position C4. In the course of the synthesis of the *cis*-**7** and *trans*-**8** isomers, the preparation of the fully deuterium labeled compounds was unsuccessful. The *cis*-**7** isomer contained 10.5 % of the parent Compound *cis*-**1**, and isomer *trans*-**8** contained approximately 17.5 % of isomer *trans*-**2**. The migration of hydrogen from position C4 proceeds via a three-membered transition state (Scheme [3](#Sch3){ref-type="fig"}d). The spectrum of the *trans*-**8** isomer shows that the deuterium atom from this position does not migrate to the phosphoryl group during DEPI elimination for the *trans* isomer. For the *cis*-**7** isomer, the obtained results are ambiguous, similar to the case of hydrogen from position N3.

Because of the problems encountered in identifying the source of the hydrogen atoms that participate in elimination of the diethyl phosphite molecule and those encountered in evaluating the percentages of particular processes, quantum mechanical DFT calculations were performed; such calculations have been demonstrated to be useful in explaining and predicting the fragmentation patterns of hetero-organic compounds \[[@CR20], [@CR21]\].

Theoretical DFT calculations allowed to estimate the energies related to the four proposed routes of elimination of the diethyl phosphite, which was studied by electron ionization mass spectrometry using deuterium-labeled compounds. An additional source of hydrogen atom that could participate in the elimination of the DEPI, specifically, that from nitrogen N1, was taken into account. We excluded the phenyl ring and ethoxyl groups as potential donors of hydrogen because both are present in the eliminated fragment. The resulting energy profile for these pathways is shown in Figure [3](#Fig3){ref-type="fig"}. The process of DEPI elimination involves two transition states: **TS1** and **TS2**. The first transition state is associated with the intramolecular hydrogen transfer to the diethoxyphosphoryl group, and the other is associated with the dissociation of P-C4 bond (see Scheme [3](#Sch3){ref-type="fig"} and Figure [3](#Fig3){ref-type="fig"}). The **TS1** and **TS2** involve not only structural changes, but reorganization of the frontier orbitals, mainly the SOMO. The radical character of the sulfur atom is diminished and relocated to the hydrogen donor in **TS1**. In **TS2**, the changes in electron density proceed to flow to the dissociation fragment, mostly to the phosphoryl group and phosphorus atom (Table S[6](#MOESM1){ref-type="media"}, Supporting Information). The free energy profiles for the diastereoisomers differ. In general, *cis*-**1** requires less energy to overcome barriers (**TSs**) encountered along the pathway because of its lower stability. For *trans*-**2**, the lowest activation barrier for hydrogen migration (**TS1**) corresponds to **TS1_E\_H**~**a**~**\_2** and **TS1_E\_H**~**c**~**\_2**; its value is approximately 17 kcal/mol, whereas that for **H**~**a**~ is slightly lower. Among the resulting intermediates, the most stable is that formed when **H**~**c**~ migrates (**INT_E\_H**~**c**~**\_2**). This structure possesses two rings in one plane, which leads to high delocalization of the unpaired electron over the phenyl ring (Table S[7](#MOESM1){ref-type="media"}, Supporting Information). The dissociation of the P--C4 bond in such a structure is facilitated (the energy of **TS2** is only 2.5 kcal/mol greater than that of the intermediate) because **TS2** resembles the sum of the products. The products are also highly stabilized because of resonance of positive charge over the phenyl ring. The migration of **H**~**c**~ and the dissociation of P--C4 causes the loss of two stereogenic centers on C4 and C5; the products are therefore achiral and the same as in both the *cis*-**1** and *trans*-**2** cases. The energy difference between **TS1_E\_H**~**a**~**\_2** and **INT_E\_H**~**a**~**\_2** is only 1.3 kcal/mol, which proves the reversibility of the **H**~**a**~ migration. The second energy barrier, **TS2_E\_H**~**a**~**\_2**, is more than 20 kcal/mol greater than that of **INT_E\_H**~**a**~**\_2**. The products are significantly less stable than in case of **H**~**c**~. Another very stable intermediate is **INT_E\_H**~**d**~**\_2**, whose energy is only 5.8 kcal/mol higher than that of the substrate. The following P--C4 dissociation does not go through **TS2** as a consequence of the complex nature of this bond. After the loss of **H**~**d**~, the C4 becomes an sp^2^ carbon atom with one unpaired electron occupying the p orbital (Table S[7](#MOESM1){ref-type="media"}, Supporting Information); simultaneously, the P--C4 bond becomes shorter and stronger (partly double). As such, significantly more energy is required to break the P--C4 bond. Furthermore, the products are high in energy. Other possible H migrations and P--C4 dissociations are characterized by significantly larger free energy barriers (both the TS and the products). The intermediates are structurally and energetically equivalent for both *cis*-**1** and *trans*-**2** because, upon formation of **TS1**, the molecules lose at least one stereogenic center and become only chiral. The transfer of proton **H**~**c**~ is better facilitated for the *trans*-**2** isomer than for the *cis*-**1** isomer due to more spatially accessible mutual positions of **H**~**c**~ and the diethoxyphosphoryl group. Thus, although process c (Figure [3](#Fig3){ref-type="fig"}b) was the leading process for *trans*-**2** (i.e., the process with the lowest-energy **TS1**, **TS2**, intermediate and products), it became one of the most energy-demanding processes in the case of *cis*-**2**. The reason for this increased energy demand is the proton transfer (i.e., **TS1_E\_H**~**c**~**\_1**), which requires substantial deformation of the structure to occur. The remaining energy profiles for this type of fragmentation are similar for both diastereoisomers.Figure 3Calculated potential free energy profile for the elimination of diethyl phosphite with hydrogen atoms from different positions for **(a)***cis*-**1** and **(b)***trans*-**2** (outlined in Scheme [3](#Sch3){ref-type="fig"})

In our investigations, we have taken into account the possibility that the isomers interchange (mainly *cis*-**1** to *trans*-**2**), which could explain the high level of elimination of DEPI with **H**~**c**~ for the *cis* isomer. To investigate this phenomenon, we attempted to gain additional insight into the persistence of the ring bonds. In this case, the energies related to homological cleavage of all bonds in the imidazolidine were determined using DFT calculations, and the results are shown in Table [3](#Tab3){ref-type="table"}. Surprisingly, the C4--C5 bond is the weakest one and easily undergoes cleavage (see Table [3](#Tab3){ref-type="table"}). This cleavage can be associated with hydrogen bonds that can stabilize the TS. They are formed between the **H**~**c**~ and O~9~/O~10~ (2.297 Å and 2.408 Å in the case of *trans*-**2**) and between **H**~**a**~ and O~8~ and **H**~**d**~ and O~9~ (2.261 Å and 2.718 Å in the case of *cis*-**1**). During C4--C5 cleavage, both *cis*-**1** and *trans*-**2** lose their stereogenic centers (on carbons C4 and C5), which leads to the same stable products. Successive chemical reactions for such open structures become the same. Moreover, among the diastereoisomers, *cis*-**1** undergoes C4--C5 bond cleavage much more easily than the *trans* isomer. The energy of the transition structure that leads to the cleavage of the bond between these two carbon atoms in the *cis* isomer is lower by 9.6 kcal/mol than that in *trans* isomer. The free energy barrier for this process, especially for the *cis* isomer, is comparable to those described previously and can be considered as an introduction to whole family fragmentation patterns. In particular, cleavage of the C4--C5 bond (both carbon atoms involved are stereogenic) and the consequent ring-opening may lead to equilibrium between the *cis*-**1** and *trans*-**2** isomers. After dissociation, a simple change (i.e., rotation) of the N1-C2-N3-C4, or N3-C2-N1-C5 dihedral angle followed by the recreation of the C4--C5 bond causes the interconversion of the isomers (isomerization). We have examined this mechanism to explain the presence of the high 176 *m/z* peak for *cis*-**1**, for which very unfavorable hydrogen **H**~**c**~ transfer occurs. The investigation of the energy profile of the hypothetical isomerization process precludes such a possibility. The cleavage of the C4--C5 bond proceeds with an energy barrier of ca. 26 kcal/mol. The barrier for ring closure to give the reversed configuration is greater and is equal to nearly 30 kcal/mol. (The barrier for rotation around N1-C5 is almost 9 kcal/mol for *cis*-**1** and 14.3 kcal/mol for *trans*-**1**). Thus, this process is more feasible than the direct **H**~**c**~ transfer in the *cis* substrate.Table 3ΔG of the Bond Breakings for *cis*-**1** and *trans***-2**C~4~-C~5~C~4~-N~3~C~5~-N~1~N~1~-C~2~N~3~-C~2~SUB\_*cis*\_10.000.000.000.000.00TS26.4053.79n. d.47.2547.13PRODUCTS0.9322.9432.8042.5843.92SUB\_*trans*\_20.000.000.000.000.00TS35.9654.83n. d.47.5050.50PRODUCTS6.8128.8336.6946.4747.81

Other Fragmentation Pathways {#Sec9}
----------------------------

Other fragmentation pathways for the investigated pairs of diastereoisomers were observed. These processes were detected in standard or production mass spectra and were characteristic mainly of the *cis* isomer (Figures S[1](#MOESM1){ref-type="media"} and S[2](#MOESM1){ref-type="media"}, Supporting Information). The proposed fragmentation pathways of the *cis* and *trans* isomers are shown in Scheme [4](#Sch4){ref-type="fig"}.Scheme 4Fragmentation patterns of the studied compounds

Among the fragmentation pathways for the *cis* isomer, except for the loss of substituents from positions C4 and C5, the loss of the hydroxyl and ethyl groups as well as the loss of a HNCS molecule were observed. The loss of the hydroxyl radical must proceed by migration of a hydrogen atom to the oxygen of the diethoxyphosphoryl group. The product-ion mass spectra of the molecular ion of the *cis*-**3** isomer show that one of the hydrogen atoms involved in this process of fragmentation is the hydrogen atom from position C5; however, it is not the only hydrogen atom that is eliminated. Contributions of hydrogen atoms from position C4 and from the phenyl ring in the loss of the OH group were excluded based on the results obtained for *cis*-**5** and *cis*-**7**.

Notably, in the mass spectra of the *cis*-**1** isomer and all of their selected deuterium labeled analogues, a peak at *m/z* 171 is present. Accurate mass measurements confirmed the elemental composition of this ion and allowed us to assume that it corresponds to a protonated form of a diethyl thiophosphonate molecule. The presence of this ion in the mass spectra of all of the *cis* isomers suggests that, during the process of fragmentation, hydrogen atoms from both N1 and N3 participate. A shift of one and two *m/z* units of this peak was observed only for the *N*-deuterated *cis*-**1** isomer**.** The same observation was noted in the case of elimination of the diethyl thiophosphonate molecule, which was also observed for all of the *cis* isomers.

Interestingly, the two previously discussed processes of fragmentation did not involve the hydrogen atom from the C5 carbon, which was eliminated in the diethyl phosphite molecule. This result may suggest that a different mechanism governs the elimination of diethyl thiophosphonate compared to the elimination of DEPI.

Conclusions {#Sec10}
===========

The computational study reported here provides a reasonable picture of the fragmentation pathways, including the energetics and ion structures for diastereoisomers of protected 1,2-diaminoalkylphosphonic acids. For the *trans* isomer, the leading fragmentation pathway is the elimination of (EtO)~2~PO**H**~**c**~ (highest TS1 = 17.1 kcal/mol). Other reactions, such as the loss of (EtO)~2~PO\* (highest TS = 25.4 kcal/mol) or (EtO)~2~PO**H**~**a**~ (highest TS2 = 36.2 kcal/mol) make their own contributions in the fragmentation of the *trans* isomer. In case of the *cis* isomer, the leading reaction pathway is the loss of (EtO)~2~PO\* (highest TS = 20.8 kcal/mol). Other fragmentations that are likely to occur are the eliminations of (EtO)~2~PO**H**~**a**~ (highest TS2 = 30.4 kcal/mol) and (EtO)~2~PO**H**~**c**~.

In our opinion, the presented study has shown that the results from mass spectrometry and a theoretical approach to fragmentation of diastereoisomeric compounds are in good agreement. Such an approach can open a pathway to make comparative predictions for the fragmentation of new diastereomeric species and to assign a relative configuration in cases where only one diastereoisomer is under investigation.
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